Roach AA, Neumann J. Inhibitor-2 prevents protein phosphatase 1-induced cardiac hypertrophy and mortality. Am J Physiol Heart Circ Physiol 295: H1539 -H1546, 2008. First published August 8, 2008 doi:10.1152/ajpheart.00515.2008.-Cardiac-specific overexpression of the catalytic subunit of protein phosphatase type 1 (PP1) in mice results in hypertrophy, depressed contractility, propensity to heart failure, and premature death. To further address the role of PP1 in heart function, PP1 mice were crossed with mice that overexpress a functional COOH-terminally truncated form of PP1 inhibitor-2 (I-2 140 ). Protein phosphatase activity was increased in PP1 mice but was normalized in double transgenic (DT) mice. The maximal rates of contraction (ϩdP/dt) and of relaxation (ϪdP/dt) were reduced in catheterized PP1 mice but normalized in DT mice. Similar contractile abnormalities were observed in isolated, perfused work-performing hearts and in whole animals by means of echocardiography. The increased absolute and relative heart weights observed in PP1 mice were normalized in DT mice. Histological analyses indicated that PP1 mice had significant cardiac fibrosis, which was absent in DT mice. Furthermore, PP1 mice exhibited an age-dependent increase in mortality, which was abrogated in DT mice. These results indicate that
PHOSPHORYLATION is a widely recognized mechanism for control of many cellular functions. The phosphorylation state of a protein in the cell is determined by the balance between the activities of protein kinases and protein phosphatases (PP). The main serine/threonine phosphatases present in the heart are PP1, PP2A, and PP2B (calcineurin). These all belong to the same gene family and are highly homologous enzymes that play a critical role in the control of cardiac contractility and hypertrophy. Numerous proteins in the heart are regulated by phosphorylation. For instance, stimulation of ␤-adrenergic receptors leads via cAMP-dependent phosphorylation to altered function of the L-type calcium channel, probably the ryanodine receptor (RyR), the inhibitory subunit of troponin C protein in the myofilaments, and phospholamban (PLB). The phosphorylation of PLB at Ser 16 and Thr 17 is reversed by PP1 and PP2A (7, 30) . PP1 enzymes are heteromeric complexes consisting of a catalytic subunit (PP1c) associated with regulatory/targeting proteins (8, 9, 11) . The activity of PP1, but not PP2A, is inhibited by the heat-stable protein inhibitor-1 (I-1) and inhibitor-2 (I-2) (5, 19, 20, 33) . Both inhibitors are expressed in heart. Whereas unphosphorylated I-2 inhibits PP1, I-1 requires phosphorylation by PKA on Thr 35 for its inhibitory activity and is rapidly phosphorylated after ␤-adrenergic stimulation (14, 18, 29) .
In both human disease and experimental animal models of heart failure, the activity of PP1 is significantly increased (16, 28) . Elevated PP1c mRNA levels and an increased PP1 activity have been observed in end-stage human failing hearts (25, 28) . It has been suggested that this increase may be a contributing factor to depressed cardiac function, cardiomyopathy, and death (7, 31) . Consistent with this idea, a reduced phosphorylation state of cardiac regulatory proteins such as PLB and troponin I (3, 7, 25, 36) was reported in samples from patients with terminal heart failure. In an animal model, chronic ␤-adrenergic stimulation by infusion of isoproterenol led to cardiac hypertrophy, increased PP1 activity, and PLB dephosphorylation (4) . Cardiac-specific overexpression of PP1c in mice at levels similar to those observed in human heart failure results in dephosphorylation of PLB, depressed basal cardiac function, and depressed ␤-adrenergic-stimulated cardiac function, dilated cardiomyopathy, and premature mortality consistent with heart failure (7, 31) . Increased activity could be due to dephosphorylation of I-1 (7, 12) or reduced expression of I-1 (13) and/or I-2. Ablation of I-1 led to an increase in PP1 activity and an impaired contractile response to ␤-adrenergic stimulation (7). Cardiac hypertrophy and reduced life span were not observed in this model. Conversely, overexpression of truncated functionally active forms of I-2 or I-1 in the heart improved cardiac function (21, 32) . Furthermore, PP2A or PP2B (calcineurin) overexpression led to decreased function and pathological hypertrophy (15, 26) .
In the present work, we tested the hypothesis that increased expression of I-2 would abrogate the cardiac hypertrophy and the increased mortality due to transgenic PP1 overexpression. To address this question, we crossbred mice with cardiacspecific overexpression of a COOH-terminally truncated form of I-2 (I-2 140 mice) and PP1 (PP1c mice) and analyzed the functional and biochemical consequences of the overexpression of both proteins. The results support the notion that increased activity of PP1 is detrimental to cardiac function and that inhibition of the phosphatase activity ameliorates the cardiac phenotype of PP1c mice.
MATERIALS AND METHODS
Transgenic mice. Generation of transgenic mice overexpressing the catalytic subunit of PP1, the catalytic subunit of PP2A, or the truncated I-2 (I-2 140 ) has been described previously (7, 15, 21) . I-2 140 and PP1c mice were generated by injection of DNA into C3H embryos, and the offspring were backcrossed for at least six generations in the DBA background. Littermates of the various genotypes were utilized in the studies. Animals were handled and maintained according to protocols approved by the animal welfare committees of the Universities of Münster and Halle and Indiana University School of Medicine, which conform to the NIH Guide for the Care and Use of Laboratory Animals. Male mice were used in this study. PP2A transgenic mice. Generation of the PP2A transgenic mice has been described previously by our group (15) . In brief, cDNA coding for the catalytic subunit of protein phosphatase 2A (PP2Ac, from mouse) was cloned into the multiple cloning site of a construct that drives expression under the control of the ␣-myosin heavy chain promoter. This allowed for heart-specific overexpression of the catalytic subunit of PP2A.
Western immunoblotting analyses. Hearts were homogenized at 4°C for 1 min in buffer containing (in mM) 20 Tris ⅐ HCl (pH 7.4), 5 MgCl 2, 1 EDTA, 1 dithiothreitol, and 1 PMSF with 5 g/ml leupeptin with the use of a Polytron PT-10 (Kinematica, Lucerne, Switzerland). Homogenates were centrifuged at 4°C for 20 min at 10,000 g. Supernatants were treated with equal volumes of loading buffer (7.5% SDS, 62.5 mM Tris ⅐ HCl, pH 6.8, 20% glycerol, 40 mM dithiothreitol). For immunoblot analysis, supernatant proteins were separated on SDS-PAGE and transferred to nitrocellulose membranes, which were probed with antibodies to PP1c (Santa Cruz Biotechnology, Santa Cruz, CA), PP2Ac (Upstate Biotechnology, Lake Placid, NY), or I-2 (21) that detect both the endogenous and the overexpressed proteins. For quantitative detection of I-2, 13 g of protein was loaded on the gel for wild-type and PP1c samples, whereas 2.6 g of protein was loaded for I-2 140 and double transgenic (DT) samples. This was necessary in order to be in the linear range for detection of the high level of expression of I-2. The membrane was then blotted with affinity-purified polyclonal antibody raised against recombinant rabbit I-2, which recognizes both mouse (endogenous) and human (transgenic) I-2. For detection of PP1c, 13 g of protein was loaded for all samples. To confirm protein loading, membranes were stained with Ponceau S before blotting. Membranes were also probed with rabbit polyclonal antibodies against RyR and sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)2a, both kindly provided by Dr. L. R. Jones (Krannert Institute of Cardiology, Indianapolis, IN) and with monoclonal anti-PLB (A-1, Upstate Biotechnology).
Protein phosphatase assays. Protein phosphatase activity was assayed with [ 32 P]phosphorylase a as substrate as previously described (27) . Mouse ventricular tissue was homogenized at 4°C for 1 min in buffer containing 4 mM EDTA (pH 7.4) and 15 mM 2-mercaptoethanol with a Polytron PT-10 homogenizer. Homogenates were centrifuged at 14,000 g for 20 min at 4°C, and the supernatants were used for determination of phosphorylase phosphatase activity. The reaction mixture contained (in mM) 20 Tris ⅐ HCl (pH 7.4), 5 caffeine, 0.1 EDTA, and 15 2-mercaptoethanol and aliquots of the supernatants. The dephosphorylation reactions were initiated by adding [ 32 P]phosphorylase a and carried out at 30°C for 10 min. The reaction was terminated by addition of 50% trichloroacetic acid. The precipitated proteins were sedimented by centrifugation at 14,000 g for 5 min, and an aliquot of the supernatants was counted in a liquid scintillation counter.
Immunohistochemistry. Immunostaining was carried out on 5-mthick tissue sections. Before application to the sections, a monoclonal antibody raised against residues 1-144 of human I-2 (Transduction Laboratories, Lexington, KY) was directly labeled with biotin and a commercially available kit (animal research kit peroxidase, K3954, DAKO, Carpinteria, CA). After blocking of endogenous peroxidase, the labeled I-2 antibody was incubated overnight at 4°C. The antibody binding was visualized with streptavidin-peroxidase and reacted with diaminobenzidine-hydrogen peroxidase as a chromogenic substrate (DAKO). Sections were counterstained with hematoxylin. Additional sections were stained with Sirius red in order to assess fibrosis (1) .
Echocardiography and Doppler studies. Transthoracic echocardiographic measurements were performed on mice anesthetized intraperitoneally with a mixture of ketamine S (25 mg/kg) and xylazine (10 mg/kg), allowing spontaneous breathing, as previously described (15) . All measurements were made with a commercially available echocardiographic system (Hewlett-Packard Sonos 5500) equipped with a 15-MHz linear transducer for two-dimensional and M-mode imaging and a 12-MHz transducer for Doppler measurements. The parasternal long and short axes were obtained. Five heartbeats for every parameter were analyzed. The fractional shortening of the heart was calculated from the M-mode left ventricular (LV) diameters as (LVEDD Ϫ LVESD)/LVEDD ϫ 100, where LVEDD is LV end-diastolic diameter and LVESD is LV end-systolic diameter. In addition, Doppler flow measurements of aortic and mitral flow were performed. The analyses were performed by two observers who were blinded to the mouse lineage.
Hemodynamic performance. LV catheterization was performed in closed-chest mice as described previously (21) .
Action potential measurements in isolated hearts. To determine action potential duration, hearts were isolated and retrogradely perfused on a modified Langendorff apparatus equipped with three monophasic action potential catheters by published methods (22) .
Mortality. Animals were monitored in the cages daily for the occurrence of death.
Statistical analysis. Data are reported as means Ϯ SE. Statistical significance was assessed by ANOVA analyses followed by Bonferroni's or Student's t-test as appropriate. P Ͻ 0.05 was considered significant.
RESULTS

Expression of PP1 and I-2 in wild-type and transgenic mice.
Analysis of protein expression showed that I-2 140 is overexpressed by ϳ25-fold (Fig. 1A ) in I-2 140 transgenic mice compared with the endogenous protein in wild-type animals as previously reported (21) and a similar level (ϳ17-fold) of expression was observed in the DT mice. Consistent with previous findings (7, 21) , the catalytic subunit of PP1 was increased by ϳ10-fold over the endogenous catalytic subunit of PP1 in PP1 mice as well as in I-2 140 mice (8-fold), and the levels were close to additive (15-fold) in the DT animals (Fig.  1B) . The increased catalytic subunit of PP1 in the I-2 140 mice is most likely due to protein stabilization, whereby overexpression of the regulatory subunit stabilizes the catalytic subunit of PP1. The converse, however, does not occur, and overexpression of the catalytic subunit of PP1 does not result in elevated levels of I-2 or the PP1 muscle-specific glycogen/sarcoplasmic reticulum-associating subunit R GL (7) . Furthermore, determination of expression of PLB and other Ca 2ϩ cycling proteins in the heart (Table 1) showed that the level of PLB was not different between the groups; SERCA2a and RyR were increased in the I-2 hearts and decreased in the PP1 hearts. However, whereas SERCA2a levels were normalized in the DT mice, although there was a tendency of RyR to increase in the DT it did not reach the level of the wild type.
Protein phosphatase activity in wild type and transgenic mice. Phosphatase activity was increased in PP1 mice, decreased in I-2 140 mice, and returned to wild-type levels in DT mice (Fig. 2) . The altered phosphatase activity shown in Fig. 2 was determined in 30-wk-old mice, at which time PP1 mice exhibited hypertrophy (Table 2) . However, similar effects on phosphatase activity were observed at an earlier time point, before hypertrophy had developed in the PP1 mice (12 wk old; data not shown). At 12 wk of age, hypertrophy had not yet developed (Table 2 ). These findings are consistent with the notion that prolonged presence of enhanced PP1 activity precedes and might cause hypertrophy and these biochemical alterations are blocked by additional overexpression of I-2 140 . Moreover, in agreement with previous observations, the main remaining PP activity in I-2 140 mice and DT mice is contributed by the catalytic subunit of PP2A, because it is blocked by low concentrations (10 nM) of okadaic acid (data not shown). It should be noted that although the levels of the catalytic subunit of PP1 are increased more than the measured activity, it is important to consider that PP1c in the cell associates with a number of regulatory/targeting subunits to form complexes that are not necessarily spontaneously active and may have distinct substrate specificity. In addition, although the level of the catalytic subunit of PP1 is higher in I-2 140 and DT mice, the presence of the inhibitor dampens the phosphatase activity.
Histological analyses. Overexpression of I-2 140 was localized to myocytes as determined by immunohistological analyses. With an antibody that recognizes only the transgenic I-2, high levels of I-2 expression were detected in myocytes, but not in nonmyocytes, of I-2 140 and DT mice (Fig. 3) . Overexpression of PP1 led to fibrosis as indicated by staining of cells with Sirius red, whereas as reported (I-2 140 ), PP1, and double transgenic (DT) heart extract samples were immunoblotted with I-2 (A)-and PP1 catalytic subunit (PP1c; B)-specific antibodies as described in MATERIALS AND METHODS. For Western blots of I-2, 13 g of protein was loaded for samples from WT and PP1c hearts, whereas only 2.6 g of protein was loaded for I-2 140 and DT hearts. Therefore, the endogenous I-2 [mouse (m)I-2] cannot be detected in the lanes where less protein was loaded. For Western blotting of PP1 13 g of protein was loaded for all samples. Fold overexpression is calculated with respect to the level in the WT samples and taking into account the protein loaded, and is given at bottom. Molecular mass markers are indicated on left. Tg, transgenic. (Fig. 4) . Most interestingly, in DT mice fibrosis was greatly reduced if not completely absent (Fig. 4) ; more specifically, the percentage of collagen in the PP1 mice, 3.21 Ϯ 0.34%, was reduced to 1.78 Ϯ 0.16% in the DT animals (n ϭ 4 each; P Ͻ 0.05).
Cardiac hypertrophy. Heart weight, body weight, and relative heart weight, directly measured with scales (Table  2 ) at 12 wk of age, were not significantly different among WT, I-2 140 , PP1, and DT mice. However, at 30 wk of age PP1 but not I-2 140 or DT mice exhibited an increased heart weight. This indicates that the development of PP1-induced cardiac hypertrophy is age dependent and is rescued by the simultaneous overexpression of I-2 140 (Table 2) . Cardiac weight as calculated from echocardiographic parameters was increased in PP1 mice at 16 and 24 wk of age (Fig. 5 , LV mass, LV/body wt). This increase was not observed in DT mice (Fig. 5) . The effect of I-2 140 to inhibit development of cardiac hypertrophy is specific, as I-2 140 did not prevent the hypertrophy of mice overexpressing in the heart the catalytic subunit of PP2A (Table 2 ). It should be noted that PP2A mice develop cardiac hypertrophy at 12 wk of age, in contrast to the PP1 animals ( Table 2) .
Cardiac function. Cardiac function was evaluated by three different methods, all of which led to similar conclusions. Cardiac performance, as assessed by hemodynamic measurements in the left ventricle, supported the notion of a beneficial effect of PP1 inhibition with consequent PLB phosphorylation. While cardiac activity was greatly diminished in PP1 mice, nearly normal cardiac function was observed in DT mice (Table 3) . Similar results were obtained by echocardiography in intact animals (Fig. 5) . The ejection fraction, a widely used clinical parameter of contractility, was greatly reduced in PP1 animals. This decline in cardiac contractility was not observed in DT animals (Fig. 5) . Concordant findings were also obtained in isolated work-performing preparations (Table 4 ). The reason for the higher heart rate detected in the PP1 mice by the work-performing heart procedure ( Table 4) and not by echocardiography (Fig. 5) or catheterization (Table 3) could be explained if in the intact animals ( Fig. 5 ) increased vagal tone overcame the higher intrinsic heart rate in PP1 mice (Table 4) .
Moreover, echocardiography revealed an increase in LV volume of PP1 mice, indicative of dilated cardiomyopathy. Consistent with LV dilatation and hypertrophy, action potential durations were prolonged in PP1 mice. DT animals did not show any dilatation (Fig. 5) , and the action potential prolongation (Table 3 ) was completely normalized. This effect was present at both 70% and 90% repolarization, consistent with the reversal of the electrophysiological defects of PP1 by increased expression of I-2 140 (Table 3 , bottom). Mortality. An increased mortality in PP1 mice was previously reported (7) . A question was then whether the rescue of the physiological parameters was associated with improved Values are means Ϯ SE for N mice or n action potentials/hearts. Contractile parameters of closed-chest anesthetized WT, I-2 140 , PP1, and DT mice were studied by cardiac catheterization at 30 wk of age at basal level. LVP, left ventricular pressure; dP/dtmax, maximum rate of LVP development; dP/dtmin, maximum rate of LVP decline. For determination of action potential duration (APD) to 70% and 90% repolarization (APD70 and APD90), hearts were isolated and retrogradely perfused on a modified Langendorff apparatus. *P Ͻ 0.05 vs. WT.
survival. As shown in Fig. 6 , over time the PP1 mice showed increased mortality, whereas the DT mice exhibited a life span comparable to WT mice. Therefore, restored cardiac function by overexpression of I-2 140 also prevented the early mortality of the PP1 mice.
DISCUSSION
The most important finding of the present study is that the detrimental effects of PP1 overexpression in the heart can be blocked by inhibition of PP1 activity through overexpression of I-2 140 . Previously, it was shown that overexpression of PP1 resulted in an increase in PP1 activity, which was associated with decreased phosphorylation of PLB at Ser 16 and depressed contractility as determined by the blunted response to ␤-adrenergic stimulation and by reduced fractional shortening velocity measured by echocardiography (7). Genetic deletion (knockout) of I-1, a protein that after phosphorylation on Thr 35 by PKA specifically inhibits PP1, increased phosphatase activity in the heart, reduced force of contraction and mechanical relaxation, and attenuated the response to ␤-adrenergic stimulation in isolated hearts and in vivo (7) . In contrast, overexpression of a constitutively active form of I-1 or I-2 resulted in decreased phosphatase activity, increased PLB phosphorylation at Ser 16 (in I-1-and I-2
140
-overexpressing mice), elevated PLB phosphorylation at Thr 17 (in I-1-but not in I-2 140 -overexpressing mice), and enhanced contractility (21, 32) . In PKC␣-deficient mice, contractility was augmented and PP1 activity reduced because of increased I-1 efficacy, and higher PLB phosphorylation at Ser 16 (6) was observed. Interestingly, ablation of PKC␣ rescued the PP1 phenotype. On the other hand, overexpression of PKC␣ was associated with a reduced contractility, increased PP1 activity, and lower PLB phosphorylation (6) . In a rat model of aortic banding accompanied by signs of heart failure, gene transfer of active I-1 restored cardiac function, at least in part (32) . Together these findings suggested that an increased PP1 activity might impair cardiac function.
This report demonstrates that selective PP1 inhibition by I-2 140 not only ameliorates cardiac function, hypertrophy, and failure but also rescues mortality. As previously reported (21), the beneficial functional effects of I-2 140 could be attributed to the increase in PLB phosphorylation as well as the enhanced expression of SERCA and RyR. This can be mechanistically important, because there is evidence that enhanced SERCA activity is beneficial in experimental and genetic models of heart failure (10, 24) . Similarly, the depressed function in the PP1 mice can be accounted for not only by the decreased PLB phosphorylation but also by the reduced expression of SERCA2a and RyR. The restored function in the DT mice, despite the slight decrease in RyR levels, could be explained by a compensatory action of the persistent, increased PLB phosphorylation (data not shown).
A role of PP1 activity in cardiac contractility is also supported by previous work using cell membrane-permeant natural inhibitors of protein phosphatase activity such as okadaic acid and cantharidin. Treatment of isolated heart preparations with these compounds induced a positive inotropic effect, which was accompanied by increased phosphorylation of PLB (27) .
As mentioned in the introduction, evidence for a role of PP1 in the control of cardiac function comes from the observations that PP1 activity is increased (28) and the level and phosphorylation state of I-1 are decreased (12) in failing human hearts. In fact, the increased PP1 activity could be due to enhanced expression of PP1, to decreased expression of I-1 (12, 13) or I-2, to reduced phosphorylation and hence diminished inhibitory action of I-1 (7), or to a combination of these. Moreover, whereas it is well known that phosphorylation of I-1 by PKA at Thr 35 increases the potency of I-1, more recent evidence suggests that I-1 activity is reduced when I-1 is phosphorylated on Ser 67 (34, 35) . Interestingly, the same authors also reported that, in samples from failing human hearts, phosphorylation of I-1 at Ser 67 was enhanced compared with normal hearts, which may lead to higher PP1 activity (6) . Regardless of the underlying mechanism for enhanced PP1 activity, in isolated electrically driven cells from failing human hearts the effect of ␤-adrenergic stimulation on cell shortening and Ca 2ϩ transients was normalized after infection of cells with an adenovirus that codes for an active mutant of I-1 (7) .
The fact that PP1 activity is elevated in the failing human heart and that phosphorylation of proteins that are involved in regulation of contractile function is reduced argues that enhanced PP1 activity may be detrimental for cardiac performance. A negative role of PP1 activity is consistent with the observation that PP1 overexpression in the heart leads to impaired contractility, cardiac hypertrophy, and increased mortality after 6 mo of age (7) and is further supported by the present work, which shows that inhibition of PP1 activity by I-2 140 abrogates these detrimental effects. Therefore, pharmacological inhibition of PP1 activity may provide a therapy for alleviation of heart failure. However, more work is required to prove that PP1 inhibition is free of untoward effects. Pharmacological interventions with the currently available compounds are predicted not to be feasible. We have shown that concentrations of PP inhibitors like cantharidin that are required to increase force of contraction also lead to vasoconstriction in human coronary arteries (23) . Hence, compounds that inhibit PP1 solely in cardiomyocytes would be necessary for clinical purposes. The same limitations hold true for adenoviral delivery of I-2 to the heart. If the virus were injected into the coronary arteries, it is predicted that the foremost endothelial and smooth muscle cells would be infected before infection of cardiomyocytes could occur. Perhaps engineering of viruses with promoters specific for cardiomyocytes would offer a feasible therapeutic option.
Overexpression of I-2 140 exerts beneficial effects on cardiac function and abrogation of cardiac hypertrophy in a specific manner. In fact, whereas PP1-induced hypertrophy was blocked by crossbreeding the PP1 mice with the I-2 140 mice, PP2A-induced hypertrophy was not alleviated by overexpression of I-2 140 (Table 1) . These in vivo findings are consistent with the known specificity of I-2, which inhibits PP1 and not PP2A activity.
The importance of the present studies is that we clearly show that inhibition of genetically enhanced PP1 activity by I-2 140 can be beneficial. Whether a deteriorated cardiac function due to enhanced PP1 activity can thereafter be restored by PP1 inhibition has not been thoroughly investigated. However, delivery of I-2 adenovirus to the heart of the cardiomyopathic hamster, a nontransgenic model of heart failure, improved cardiac function and survival up to 26 wk (37). One approach for future research would be to generate mice with cardiacspecific inducible overexpression of I-2 and then crossbreed them with PP1 mice. The result of these kinds of experiments would provide information on whether the detrimental effects of PP1 on heart function could be reversed. Nevertheless, the present results clearly demonstrate that the cardiac dysfunction induced by increased PP1 activity can be prevented by I-2 co-overexpression in the mammalian heart. In summary, the present work underscores the detrimental role of enhanced PP1 activity in the heart and the potential pathophysiological role of this enzyme in human heart failure. Therefore, inhibition of PP1 activity may represent a potential target for therapeutic interventions.
